Hereditary cystatin C amyloid angiopathy (HCCAA) is a genetic disease caused by a mutation in the cystatin C gene. Cystatin C is abundant in cerebrospinal fluid and the most prominent pathology in HCCAA is cerebral amyloid angiopathy due to mutant cystatin C amyloid deposition with associated cerebral hemorrhages, typically in young adult carriers. Analyses of post-mortem brain samples shows that pathological changes are limited to arteries and regions adjacent to arteries. The severity of pathological changes at post-mortem has precluded the elucidation of the evolution of histological changes. Mutant cystatin C deposition in carriers is systemic and has, for example, been described in the skin, suggesting similar pathological mechanisms both in the brain and outside of the central nervous system. The aim of this study was to use skin biopsies from asymptomatic and symptomatic carriers to study intermediate events in HCCAA pathogenesis. We found that cystatin C deposition in minimally affected samples was limited to the basement membrane (BM) between the dermis and epidermis. When the deposits were more advanced, they extended to other BM regions in the skin. Our results showed that the immunoreactivity of the BM protein COLIV was increased to a similar extent in all carrier biopsies and cystatin C deposits were in close association with COLIV. The density of fibroblasts in the upper dermis of carrier skin was increased, whereas the distribution of other cell types examined did not differ compared with control biopsies. COLIV and cystatin C immunoreactivity in carrier biopsies was closely associated with the fibroblasts. The results of this study, in conjunction with our previous results regarding pathological BM changes in leptomeningeal arteries of patients, suggest that BM changes are early and important events in HCCAA pathogenesis that could facilitate cystatin C deposition and aggregation.
Hereditary cystatin C amyloid angiopathy (HCCAA) is a genetic disease caused by a mutation in the cystatin C gene. Cystatin C is abundant in cerebrospinal fluid and the most prominent pathology in HCCAA is cerebral amyloid angiopathy due to mutant cystatin C amyloid deposition with associated cerebral hemorrhages, typically in young adult carriers. Analyses of post-mortem brain samples shows that pathological changes are limited to arteries and regions adjacent to arteries. The severity of pathological changes at post-mortem has precluded the elucidation of the evolution of histological changes. Mutant cystatin C deposition in carriers is systemic and has, for example, been described in the skin, suggesting similar pathological mechanisms both in the brain and outside of the central nervous system. The aim of this study was to use skin biopsies from asymptomatic and symptomatic carriers to study intermediate events in HCCAA pathogenesis. We found that cystatin C deposition in minimally affected samples was limited to the basement membrane (BM) between the dermis and epidermis. When the deposits were more advanced, they extended to other BM regions in the skin. Our results showed that the immunoreactivity of the BM protein COLIV was increased to a similar extent in all carrier biopsies and cystatin C deposits were in close association with COLIV. The density of fibroblasts in the upper dermis of carrier skin was increased, whereas the distribution of other cell types examined did not differ compared with control biopsies. COLIV and cystatin C immunoreactivity in carrier biopsies was closely associated with the fibroblasts. The results of this study, in conjunction with our previous results regarding pathological BM changes in leptomeningeal arteries of patients, suggest that BM changes are early and important events in HCCAA pathogenesis that could facilitate cystatin C deposition and aggregation. Hereditary cystatin C amyloid angiopathy 1 (HCCAA; Online Mendelian Inheritance in Man entry 105150; also referred to as hereditary cerebral hemorrhage with amyloidosis-Icelandic type (HCHWA-I) 2, 3 ) is a very rare autosomal dominant genetic disease caused by a single base substitution mutation in the gene of the secreted cysteine protease inhibitor cystatin C, CST3. [4] [5] [6] The disease is classified as a cerebral amyloid angiopathy (CAA). The disease-causing mutation has only been found in Iceland (population~332 750 as of 1 January 2016 (Statistics Iceland)) with one exception. 7 It results in the exchange of leucine for glutamine at amino acid 68 of the protein and will hereafter be referred to as L68Q-CST3. Mutant cystatin C forms amyloid deposits in the walls of cerebral arteries resulting in fatal cerebral hemorrhages in young adults. [8] [9] [10] The arterial pathology underlying cerebral hemorrhages in HCCAA is observed in brain arteries and arterioles both in the white and gray matter and is characterized by extensive changes in the composition and structure of the arterial walls. 9, 10 In addition to deposition of cystatin C amyloid, these changes include severe smooth muscle cell loss, accumulation of extracellular matrix proteins, eg, the basement membrane proteins collagen IV (COLIV) and laminin, attenuation of the endothelial layer and associated neuroinflammation in proximity to affected arteries. 9, 10 These changes result in rupture of arteries/arterioles causing cerebral hemorrhages of various degrees and microinfarcts, often presenting as partial paralysis, dementia, and personality changes. The cause of death is usually due to cerebral hemorrhage.
Our previous results 10 have shown that the extent of the CAA pathology observed in post-mortem brain samples from patients is invariably 'severe' throughout the brain, as per the criteria defined by Vonsattel et al. 11 The lack of moderate and intermediate pathological changes in such post-mortem samples has made it difficult to decipher the sequence of events leading to the end-stage pathology. Unfortunately, there is no animal model of the disease. Transgenic mice have been produced that express the mutant allele under the control of the neuron-specific Thy-1 promoter 12 as well as the human CST3 promoter 13 but neither model developed HCCAA pathology.
HCCAA is a systemic disorder in that cystatin C is not only deposited within the central nervous system (CNS) of patients but also deposited in peripheral tissues such as lymph nodes, submandibular salivary glands, seminal vesicles, spleen, and skin, suggesting that similar pathological mechanisms are at play in the periphery as in the CNS. 8, [14] [15] [16] Our previous results 10 show that the pathological changes in post-mortem HCCAA brain samples are always spatially associated with arteries, consisting of the damage within the wall itself, the neuroinflammatory reaction to this damage, and in some cases perivascular amyloid and focal deposits in the parenchyma around arteries. We and others 10, 17 have suggested that the cerebral cystatin C amyloid in HCCAA might originate from cells in the arterial wall itself. However, the extensive vascular damage in cerebral post-mortem samples makes it difficult to conclude about the cell types involved from such tissue samples. Benedikz et al 16 described skin deposition of cystatin C in L68Q-CST3 carriers. The aim of the study described here was to extend on this knowledge and perform a detailed immunohistochemical comparison of skin biopsies from carriers with those from healthy controls to determine whether carrier skin biopsies could provide information about the progression of pathological changes in HCCAA with an emphasis on identifying the cell type responsible for cystatin C tissue deposits.
MATERIALS AND METHODS Tissue Samples
The samples used in this study were acquired by informed consent. The acquisition and use of the samples was according to permits (04-046-S2 and 15-060-S1) from the National Bioethics Committee in Iceland. All samples were processed at the Department of Pathology, Landspitali National University Hospital, Reykjavik, Iceland. Punch skin biopsies (4 mm, central back, one per individual) were obtained from 14 HCCAA L68Q-CST3 carriers (7 males and 7 females, aged 22-67 years, median = 34 years; Table 1 ) and 11 healthy controls (4 males and 7 females, aged 28-68 years, median = 42 years; Table 1 ). Of these 14 carriers, 8 were symptomatic and the remaining 6 asymptomatic ( Table 1) . The category symptomatic was defined as cerebral hemorrhage leading to documented hospitalization before the time of biopsy. Asymptomatic carriers had not been hospitalized due to cerebral hemorrhage before biopsy. All tissue samples were formalin-fixed and paraffin-embedded. They were cut into 1.5 μm sections for hematoxylin and eosin (H&E) staining and 5 μm serial sections for immunohistochemistry, immunofluorescence confocal microscopy, and Congo red staining. H&E staining was done using standard methods.
Immunohistochemistry
Sections were de-paraffinized and rehydrated in xylene and ethanol. They were then immunostained using the EnVision Detection System Peroxidase/DAB, Rabbit/Mouse kit (Dako, K4065). Pretreatment of samples for epitope retrieval was required for some of the antibodies used ( Table 2 ). Incubations with primary antibodies were performed at room temperature for 30 min. Antibody dilutions (Table 2) were determined in preliminary experiments. After incubation with a primary antibody, sections were incubated with EnVision FLEX/HRP. Sections were washed between steps with Trisbuffered NaCl solution with Tween 20, pH 7.6 (Dako, S3306). All sections were incubated with 3,3′-diaminobenzidine solution (Dako, K4065) for 10 min. Sections were counterstained with haematoxylin for 5 min followed by washing with tap water for 10 min. Finally, sections were dehydrated with 100% ethanol and xylol followed by coverslipping with mounting medium (Pertex, Histolab). Images were acquired with a Nikon Eclipse 50i microscope equipped with a Nikon DS-Fil digital camera and a Nikon Digital Sight DS-U2 camera controller. Image panels were constructed using the GNU Image Manipulation Program (GIMP 2.8.10).
Immunofluorescence Microscopy Sections were de-paraffinized and rehydrated in xylene and ethanol. Pretreatment of samples for epitope retrieval was required ( Table 2 ). Sample sections were blocked with 5% goat serum and stained using two or three primary antibodies in conjunction. Samples were incubated with primary antibodies overnight at 4°C except for combinations including the COLIV antibody that were incubated for 1 h at room temperature. The primary antibody combinations were as follows: (a) anti-cystatin C and anti-COLIV; (b) anti-cystatin C and anti-vimentin; (c) anti-cystatin C and anti-α smooth muscle actin; (d) anti-cystatin C and anti-E-cadherin; (e) anti-cystatin C and anti-p63; (f) anti-cystatin C, anti-COLIV, and anti-vimentin; and (g) anti-vimentin and anti-pSMAD2-/3. The details of the antibodies used are provided in , F4680 ) and sealed. Between all the above-mentioned steps in the sample processing, sections were washed with ImmunoFluorescence IMF buffer pH 7.5 (0.1% TX-100, 0.15 M NaCl, 5 mM EDTA, and 20 mM HEPES, pH 7.5). Immunofluorescence was visualized and captured using an Olympus FV1200 confocal laser scanning microscope. Image panels were constructed using the GNU Image Manipulation Program (GIMP 2.8.10).
Quantification of Cystatin C and COLIV Immunostaining in Skin Biopsies
Cystatin C and COLIV immunostaining in the patient and control biopsies was quantified by semi-automated image analysis using the ImageJ software (http://rsbweb.nih.gov/,v1. 47) and a method previously described. 9, 10 Bright-field images of a section from all individuals were captured on a Nikon Eclipse 50i microscope equipped with a Nikon DS-Fil digital camera and a Nikon Digital Sight DS-U2 camera controller at a resolution of 2560 × 1920 pixels using a Nikon × 4/0.3NA objective. RGB color images of the sections were imported to ImageJ. On each image, a rectangular 1300 × 1300 pixels region of interest (ROI) was defined. The ROI was positioned so that one edge was placed at the periphery of the epidermis ensuring that the ROI extended over the epidermis and well into the dermis. Subsequent processing yielding the % area coverage of cystatin C or COLIV immunoreactivity within each ROI was performed as previously described. 9, 10 Statistical analyses on quantitative data were performed with 
RESULTS

Skin Structure in Carriers and Controls
One skin biopsy per individual (Table 1) was taken from the central back. Examination of H&E-stained sections did not reveal any major deviations from normal skin tissue structure (epidermis/dermis) in the samples from the carriers compared with controls except that there was an increased cell density in the upper dermis of carrier skin, right below the epidermis (Figures 1a and b) . H&E staining revealed mild inflammation in biopsies from two carriers. Focusing on arteries, which are the most affected structures in brain tissue of HCCAA patients, 9,10 H&E staining of carrier skin biopsies did not reveal pathological changes in dermal arteries/ arterioles akin to the acellular, homogenous, arterial walls observed in post-mortem brain samples from HCCAA patients.
Cystatin C Deposition in Carrier Biopsies was Associated with Basement Membranes
Cystatin C immunoreactive deposits were observed in skin biopsies from all the carriers, examples are shown in Figures 1c-i, whereas biopsies from controls were all negative with the cystatin C antibody dilution used for the immunohistochemistry (data not shown). Congo red staining of the carrier skin biopsies did not show birefringence under polarized light (data not shown), suggesting that the cystatin C deposits did not contain fully formed amyloid. The extent of cystatin C distribution in the skin biopsies differed between symptomatic and asymptomatic carriers in that it was more widespread in the former. In symptomatic carriers, cystatin C immunoreactivity was observed in the basement membrane between the epidermis and dermis (Figure 1c) extending down into the dermis and up into the epidermis (Figure 1c) . It was present in basement membranes of dermal arteries, arterioles and veins (Figures 1c and d) , sebaceous glands (Figure 1e ), hair follicles, fat/sweat glands (Figure 1f) , and arrector pili muscles (Figure 1g) .
In contrast to cerebral arteries, in which cystatin C immunoreactivity extends through all layers of the arterial wall and the arteries are often occluded, 9,10 cystatin C immunoreactivity in dermal vessels was mainly observed in their basement membrane (arteries) but in some cases throughout the entire wall of veins (Figures 1c and d) , which are minimally affected in the brain; occluded vessels were never observed.
In three of the six asymptomatic carriers, cystatin C immunoreactivity was exclusively observed in the basement membrane between the epidermis and dermis (example shown in Figure 1h ) with no immunoreactivity around the skin structures mentioned above with respect to the symptomatic carriers. However, in the remaining three asymptomatic carriers, immunoreactivity was observed around these structures but to a lesser extent than in the symptomatic carriers (Figure 1i) .
A quantitative comparison of cystatin C immunoreactivity between asymptomatic and symptomatic carriers revealed significantly higher levels of immunoreactivity in the latter group (Po0.0001, unpaired t-test, Figure 2 , left panel). There was no significant correlation between the age of carriers and cystatin C immunoreactivity (P = 0.99, Pearson r = − 0.003).
COLIV Immunoreactivity was Increased in Carrier Biopsies
The distribution of COLIV immunoreactivity in the biopsies was similar to that of cystatin C immunoreactivity in the symptomatic carriers, ie, it was present in dermal arteries, arterioles, and veins, in the basement membrane between the epidermis and dermis and around hair follicles, fat/sweat glands, sebaceous glands, and arrector pili muscles (Figures 3a-e) .
Quantitative analyses showed that COLIV immunoreactivity was significantly elevated in both asymptomatic and symptomatic carriers compared with controls (Po0.001 and Po0.001, respectively, ANOVA with Tukey's post test (Figure 2, right panel) ). There was, however, no significant difference in COLIV immunoreactivity between the asymptomatic and symptomatic carriers (P40.05, ANOVA with Tukey's post test (Figure 2, right panel) ). Within the carriers, there was no significant correlation between the amount of cystatin C and COLIV deposition (P = 0.72, Pearson r = − 0.104), suggesting that COLIV immunoreactivity did not increase with cystatin C deposition, ie, disease progression.
In the biopsies from the carriers, the elevated COLIV immunoreactivity was especially evident in the basement membrane between the epidermis and dermis (Figure 3b) . Whereas the distribution of COLIV immunoreactivity in this region of the control biopsies consisted of a thin, relatively well defined, line (Figure 3d ), the COLIV immunoreactivity in this area of the carrier biopsies was more extensive and diffuse, ie, it extended to some extent into the epidermis and more extensively down into the dermis, surrounding nuclei in the upper dermis (Figure 3b ), indicating changes in basement membrane structure between the epidermis and dermis in the carrier biopsies.
Analysis by confocal immunofluorescence microscopy confirmed the close spatial association between cystatin C and COLIV deposition in the carrier biopsies implied by the standard immunohistochemistry data. This was especially evident in vessel walls and the upper dermis, and was sometimes to the degree of overlap of fluorescent markers (co-localization; Figures 3e-g ). Even when the location of the two proteins was not completely co-localized in vessels, cystatin C was in close proximity slightly peripheral to COLIV (Figure 3g ). 
Cystatin C and COLIV Deposition in Carrier Biopsies was Associated with Fibroblasts
The distribution of cell types in the biopsies, in relation to the cystatin C and COLIV deposition, was examined using immunohistochemistry and confocal immunofluorescence analyses with antibodies to cell-type markers, ie, antibodies to vimentin, which is a known fibroblast marker, α-smooth muscle actin (αSMA), which is a smooth muscle cell marker, the epithelial cell adhesion molecule E-cadherin, and p63 whose expression is restricted to epithelial cells of stratified epithelia in normal skin.
As mentioned, there was an increase in cell density in the upper dermis of the carrier biopsies. These cells were immunoreactive for vimentin (Figures 4a-d) , but not for Basement membrane pathology in HCCAA skin AO Snorradottir et al p63, E-cadherin, or αSMA (Figures 4e-l) , indicating that they were fibroblasts. E-cadherin and p63 immunoreactivity in carrier and control biopsies was restricted to the epidermis, and αSMA immunoreactivity in the carrier biopsies was limited to the smooth muscle cells of dermal arteries/ arterioles and arrector pili muscle cells (Figure 4l ) as in the controls (data not shown). Vimentin-positive cells in the upper dermis were also COLIV positive, as was the case around vessels (Figures 5a-c) , accentuating the identity of these cells as fibroblasts.
Morphologically, the fibroblasts in the upper dermis were characterized by an enlarged cell body and the vimentin immunostaining highlighted thicker processes extending from the cell bodies ( Figure 4d ) compared with vimentinpositive cells in the same area of the controls (Figure 4c ). In addition to the upper dermis, cells with a fibroblast marker phenotype were, in general, observed in all cystatin C and COLIV-positive areas of the carrier biopsies and in some instances cystatin C immunoreactivity seemed to be intracellular in such cells (Figures 5a-c) .
pSMAD2/3 Immunoreactivity in Carrier Biopsies
The involvement of TGFβ signaling in the stimulation of extracellular matrix protein production is well documented, 18 and TGFβ signaling has been associated with fibrotic connective tissue disorders of the skin. 19 Relevant to the increased density of fibroblasts and COLIV deposition in the carrier biopsies, TGFβ has been linked to enhanced proliferation of adult skin fibroblasts. 20 Phosphorylation of SMAD2/3 is a well documented downstream event in the TGFβ signaling pathway. 18 We examined pSMAD2/3 immunoreactivity in the carrier and control biopsies to see whether we could detect evidence of elevated TGFβ signaling in the carrier biopsies. Our results showed that nuclei of the extended fibroblast population in the carrier biopsies were immunoreactive for pSMAD2/3 (Figures 6a-f) . Similar immunoreactivity was, however, also observed in the sparser fibroblast population in the same area of the control skin biopsies (Figures 6g-i) . Thus, although there was a difference in the extent of nuclear pSMAD2/3 immunoreactivity between the carrier and control biopsies, this was mainly due to the denser fibroblast population in the upper dermis of the carrier biopsies compared with the controls.
DISCUSSION Cystatin C Deposition in Carrier Biopsies
Because of its strong cerebral presentation HCCAA is rightly classified as a CAA disorder. However, our results (Palsdottir et al 8 and data not shown) and those of others 15, 16, 21 show that, although the most advanced pathological changes are found in the CNS, the pathology in HCCAA is not confined to the CNS, but is systemic and characterized by the presence of cystatin C deposits and Congo red birefringent amyloid in peripheral tissues of patients as well as in the brain. This suggests that the cell types involved in the pathogenesis of HCCAA are not limited to the CNS.
The study described here was performed on a peripheral tissue, skin, which was chosen because cystatin C deposits have been described previously by others in the skin of HCCAA patients and carriers, 16 due to ease of access and the relatively non-invasive nature of sampling, and also because cell types, similar to those that are present in walls of cerebral arteries and we have suggested 10 could be responsible for the production of the cystatin C that forms amyloid, are also present in skin, suggesting that this tissue type could provide data relevant to the understanding of HCCAA pathogenesis.
The location of cystatin C deposits in the skin of L68Q-CST3 carriers examined in this study concurred with that described previously by Benedikz et al. 16 Those authors commented that cystatin C deposition seemed to be more extensive in individuals that had a longer history of the disease. The results of our quantitative analysis reported here confirmed this and showed a statistically significant difference in the quantity of cystatin C deposition dependent on disease status, ie, symptomatic carriers had significantly higher levels of cystatin C immunoreactivity than asymptomatic carriers, indicating that the extent of cystatin C deposition in the skin of carriers to some extent mirrors the progression of the disease in the CNS that can be variable.
Cystatin C deposits in the carrier skin biopsies examined in this study did not show green birefringence after Congo red staining, suggesting that the deposits did not consist of fully formed amyloid that is invariably observed in cerebral arteries of HCCAA patients. This is similar to the results described by Benedikz et al; 16 however, they observed amyloid-like threads by electron microscopy analyses in some of the skin biopsies they examined from HCCAA patients.
Congo red birefringent cystatin C amyloid has been described in post-mortem samples from peripheral tissues of patients other than skin, ie, in vessels of lymph nodes, spleen, adrenal cortex, and submandibular salivary glands 8, 15, 21 as well as in the interlobular connective tissue of submandibular salivary glands. These observations show that cystatin C deposits progress to amyloid form in the periphery as well as in the CNS, and that cystatin C amyloid in patients is not necessarily confined to vessel walls. Due to the lack of Congo red birefringence in the skin biopsies examined in this study, we concluded that the pathological situation in the carrier biopsies could be described as mild to intermediate and might therefore provide data relevant to early/intermediate events in HCCAA pathogenesis.
There was no correlation between age and cystatin C deposition within the carrier cohort that contained samples from individuals from 22 to 67 years old (Table 1 ). Our genealogy database shows that the average lifespan of carriers born since 1900 is 31 years (median = 29 years). 22 The upper 10th percentile is ≥ 49 years and the lower 10th percentile ≤ 20 years. We have arbitrarily defined late-onset carriers as those whose lifespan falls in the top 10th percentile and earlyonset carriers as those that present with symptoms ≤ 35 years of age. The carrier cohort involved in this study contained samples from both late-and early-onset carriers. Results from our previous work 10 have led us to conclude that despite the Basement membrane pathology in HCCAA skin AO Snorradottir et al delayed onset of symptoms, late-onset carriers succumb to the same end-stage pathology as those with an early onset. Therefore, rather than negating the effects of the mutation, there seem to be some factors, internal or external, that can retard the pathological process. Thus, we would not necessarily have expected a correlation between age and cystatin C deposition in the carrier skin biopsies examined in the present study.
Cystatin C Deposition and the Basement Membrane
Examination of the skin biopsies from the carriers showed that cystatin C immunoreactivity in three asymptomatic carriers was exclusively observed in the basement membrane region between the dermis and epidermis, suggesting that initial deposition occurs in that area. In correlation with disease progression, cystatin C immunoreactivity in the carrier biopsies became more intense and widespread, Figure 6 Fibroblasts with nuclear pSMAD2/3 immunoreactivity in skin biopsies of L68Q-CST3 carriers and controls. Immunofluorescence staining (blue: DAPI, green: vimentin, and red: pSMAD2/3) of a carrier (a-f) and control biopsy (g-i) showed that vimentin-positive fibroblasts in both carriers and controls displayed pSMAD2/3 immunoreactivity in the nucleus. The difference in pSMAD2/3 immunoreactivity between the carrier and control biopsies was due to the increased density of fibroblasts in the carriers (a) compared with controls (g). extending down into the upper dermis surrounding structures within the dermis, ie, arteries, veins, glands, and arrector pili muscle, and also extending to some extent up into the epidermis. The deposition, in both symptomatic and asymptomatic carriers, was closely linked to the distribution of the basement membrane collagen COLIV that in turn was closely linked to the expanded population of dermal fibroblasts, whereas there was a lack of a systematic association of cystatin C or COLIV with the markers p63, E-cadherin, or αSMA.
We have previously described extensive basement membrane abnormalities in cerebral arteries/arterioles of HCCAA patients, characterized by deposition of COLIV as well as other extracellular matrix proteins. 9 The results from that study raised the question whether the deposition was primary, instigating amyloid deposition, or a reactive response to amyloid deposition and/or vascular damage. However, the severity of the pathology in the post-mortem brain samples made it impossible to conclude about the matter.
Our results showed that in contrast to the cystatin C immunoreactivity that differed between asymptomatic and symptomatic carriers, there was what could be termed a 'fixed' elevation of COLIV immunoreactivity in the carrier biopsies tightly associated with cystatin C deposition and fibroblasts. That is, cystatin C immunoreactivity increased with disease progression, ie, asymptomatic vs symptomatic, but not COLIV immunoreactivity.
The structure of the basement membrane between the epidermis and dermis is formed by several proteins, such as COLIV, that are contributed by the keratinocytes of the epidermis and dermal fibroblasts. 23 Some of the proteins are exclusively expressed by either cell type; COLIV is contributed by both. 23 Our results did not reveal differences in the structure of the epidermis in carrier biopsies compared with controls, but an increase in the density of dermal fibroblasts, which would suggest that the elevation of COLIV immunoreactivity in this region of the carrier biopsies, was associated with the increased density of dermal fibroblasts.
Extracellular matrix proteins, such as COLIV, have been detected in amyloid deposits in Alzheimer's disease (AD) and the CAA disorder Hereditary Cerebral Hemorrhage with Amyloidosis-Dutch type (HCHWA-D), and studies have suggested that they are actively involved in the pathogenesis of these diseases. [24] [25] [26] [27] [28] A recent study by Lepelletier et al 29 found that changes in ECM components, ie, COLIV, perlecan and fibronectin, occur in early stages of subclinical AD and that subsequent to the subclinical stage, COLIV expression did not increase further as the disease progressed. Furthermore, they observed correlation between Aβ and COLIV staining. Our results suggests a similar scenario in HCCAA to that described by Lepelletier et al 29 for COLIV and Aβ in AD, ie, COLIV deposition in HCCAA could be an early event in the pathogenesis of the disease, caused by an increased density of dermal fibroblasts, that forms a scaffold facilitating the deposition and aggregation of cystatin C and subsequent amyloid formation, but does not itself increase as the disease progresses.
Our conclusions based on the results presented here, and our previously reported results, 9 are that rather than there being a specific cell type responsible for production of the cystatin C that forms amyloid, a key step in the pathogenesis of HCCAA are basement membrane changes that form a scaffold that promotes deposition and aggregation of cystatin C, which is ubiquitously expressed throughout the body. 30 In the skin, these basement membrane changes are associated with an increased density of dermal fibroblasts.
Dermal Arteries and Veins in Carrier Biopsies
Cystatin C amyloid deposition in brain arteries is invariably accompanied by severe smooth muscle cell loss, 9,17 and Wang et al 17 suggested that they could be an origin of vascular amyloid in HCCAA. Our results showed that the distribution of αSMA immunoreactivity did not differ between carrier and control biopsies and they did not indicate a causal relationship between smooth muscle cells and cystatin C deposition.
It has been reported that solubilized cystatin C amyloid is toxic to cerebrovascular smooth muscle cells. 31 Smooth muscle cells in arteries/arterioles are surrounded by basement membrane; therefore, the smooth muscle cell death observed in cerebral arteries and arterioles in HCCAA might be due to the combination of this toxicity and the affinity of cystatin C for basement membrane.
Interestingly, cystatin C deposition in the skin biopsies was systematically observed in the walls of veins/venules. Such deposition is rarely observed within the CNS where veins and venules are minimally, or not, affected. 10 However, immunoreactivity in venous sinuses of the spleen of HCCAA patients has been described. 8 The reason for this difference between the CNS and the periphery could be the tight association of cystatin C deposition with the basement membrane collagen COLIV and the fact that veins/venules in the periphery differ from those in the CNS in that the latter have very little basement membrane (reviewed by Hawkes et al 32 ).
Similarities with Other Skin Disorders
There are some similarities between the pathological profile of the L68Q-CST3 biopsies and that described in the literature for connective tissue disorders of the skin, eg, systemic sclerosis, keloids, and hypertrophic scars. Specifically, these disorders are also characterized by excess collagen production and an increased density of dermal fibroblasts (reviewed by Canady et al 19 ) . However, there are no reports of macroscopic clinical changes in the skin of HCCAA carriers and whereas the other skin disorders are characterized by disturbances in immune parameters and/or inflammation, we did not observe inflammation in the carrier biopsies (except mild inflammation in two cases) and the biopsy sites on the carriers could not be associated with any previous wounds.
A recent study on keloids described epithelial-tomesenchymal transition (EMT) changes in the disorder. 33 EMT of the skin is associated with E-cadherin downregulation in skin epidermal cells (epithelia) with concomitant upregulation of, eg, vimentin and p63 in the same cells. [34] [35] [36] As already mentioned, analyses of the distribution of E-cadherin and p63 immunoreactivity in L68Q-CST3 carrier biopsies did not reveal deviations from that observed in the controls. Cells that were immunoreactive for these markers were mainly located in the epidermis and we did not systematically observe an increased induction of mesenchymal characteristics in these cells, ie, vimentin immunoreactivity. Thus, we did not see unequivocal evidence of EMT in the epidermis of the HCCAA carrier samples.
Myofibroblasts are an activated fibroblast type that can be derived by EMT from several cell types, e.g., fibroblasts, and are characterized by upregulated αSMA expression and enhanced ECM production. 37 They are generally observed in normal wound healing and in association with classic fibrosis such as fibrotic connective tissue disorders of the skin 38, 39 and various other tissues. 37 The morphology of the fibroblasts in the upper dermis of carrier biopsies, ie, their enhanced vimentin immunoreactivity as well as the increased density of these cells and their association with COLIV deposition, raised the question whether they were myofibroblasts. Their lack of αSMA immunoreactivity, however, suggested that they did not fall into this category but does not rule out the possibility that they were protomyofibroblasts. 37 Cystatin C and TGFβ Cystatin C has been reported to antagonize TGFβ signaling by binding to the TGFβ type II receptor (TGFβRII) preventing its interaction with TGFβ and affecting signaling downstream of the receptor. 40, 41 Therefore, changes in extracellular cystatin C levels could potentially affect signaling through TGFβRII. Studies on the processing of mutant and wild-type human cystatin C in primary cells and cell lines have reported intracellular retention, and accumulation, of the mutant protein [42] [43] [44] and extracellular instability due to proteolysis. 45 Cumulatively, this would be expected to result in lower amounts of extracellular cystatin C in tissue heterozygous for the L68Q-CST3 mutation compared with wild type, as is indeed the case in cerebrospinal fluid (CSF) of carriers that have less than half the normal value of cystatin C in their CSF. 46 TGF-β initiates its pro-fibrotic action on fibroblasts by binding to TGFβRII whose interaction with TGFβRI results in the phosphorylation of the latter and subsequent activation of SMAD2/3 by phosphorylation. Phosphorylated SMAD2/3 then forms a complex with SMAD4 that shuttles to the nucleus and stimulates the transcription of several genes, eg, those of collagen. 20, 47, 48 We examined the distribution of pSMAD2/3 in the skin biopsies from the carriers and controls. The results showed that the denser population of fibroblasts in the carrier skin biopsies displayed nuclear immunoreactivity for pSMAD2/3. As expected, due to the normal ongoing nature of cell signaling processes, similar immunoreactivity was also observed in the sparser fibroblast population of the control biopsies.
The results from the pSMAD2/3 immunostaining and the deposition of COLIV and the increased density of fibroblasts in the carrier biopsies observed in this study, coupled with lower extracellular levels of cystatin C suggested above and the association of cystatin C with TGFβRII, suggest that similar to fibrotic disorders of the skin, 19 it is possible that TGFβ could be a factor in the proliferation of dermal fibroblasts in the skin of carriers, and the expansion of COLIV deposition, as a direct consequence of expression of the mutant CST3 allele. This aspect requires further study. However, when compared with other skin diseases with a similar fibrotic phenotype, it would seem that the pathological changes in HCCAA occur at a much slower rate than in, eg, trauma-induced disorders such as keloids.
CONCLUSIONS
The results of the present study suggest that basement membrane changes facilitate cystatin C deposition in the skin of L68Q-CST3 carriers. We have previously described advanced basement membrane abnormalities in leptomeningeal arteries of HCCAA patients, 9 notably, COLIV and laminin deposition, in association with cystatin C amyloid. Taken together, the results reported here and those of the previous study suggest that basement membrane changes are early and important events in HCCAA pathogenesis.
Cystatin C is ubiquitously expressed throughout the body and it is one of the most abundant proteins in normal CSF. 49 Basement membrane changes, notably, COLIV deposition, could be pivotal in the pathogenesis of the disease by affecting arterial function in the CNS and, therefore, perivascular drainage of cystatin C resulting in arterial accumulation of cystatin C and eventually amyloid formation. This scenario would be similar to that of sporadic CAA, which is associated with reduced perivascular drainage of Aβ due to age-related arteriosclerosis. 50 
